Abstract. Data collected by the Stokkseyri SuperDARN HF radar simultaneously at short and far ranges are used to investigate the relationship between the velocity of E-region HF echoes, E × B electron drift and the isothermal ionacoustic speed C S . The work targets large E × B drifts of >1000 m s −1 and observations predominantly along the flow. By considering the EISCAT temperature and electric field data, an empirical relationship between the E ×B drift velocity and C S is established for a number of ionospheric heights. For the Stokkseyri HF radar beams oriented roughly along the E × B direction, the observed E-region HF velocities are consistent with the C S values at the bottom of the electrojet but not at its center. For a subset of the data with smooth and consistent velocity variation with the beam azimuth at both short and far radar ranges the velocity varies according to the cosine law. For the E-region echoes, the proportionality coefficient in the cosine law is consistent with the C S values at the bottom of the electrojet. For these events, the E-region velocity maximum is shown to be between the E × B and electric field directions. The statistically average shift is ∼20 • and it increases slightly with the E × B magnitude.
Introduction
The relationship between the Doppler velocity of the highlatitude E-region VHF/HF coherent echoes (phase velocity of the electrojet irregularities) and the ionospheric E × B electron drift is a fundamental question important for both understanding the plasma physics of irregularity formation and for an electric field vector determination from Doppler radar measurements. Of special interest is a case of strong drifts well exceeding the threshold for the Farley-Buneman (FB) plasma instability. For such drifts, the velocity of echoes, observed roughly along the electron flow direction, is close to the isothermal ion-acoustic speed C S of the plasma (e.g., reviews by Schlegel, 1996; Sahr and Fejer, 1996) . With an increase of the E × B magnitude, the echo velocity increases, but it is still close to C S . It is therefore often said that the VHF/HF radar velocity "saturates" at C S Schlegel, 1985, for VHF echoes and Foster and Erickson, 2000 , for UHF echoes). Although the notion of an Eregion velocity saturation is well accepted, several issues are still unresolved, for example, (1) how close the velocity is to C S , or, more generally, to the instability threshold speed, and (2) how sensitive the relationship to C S is to the cone of flow angles (and, generally speaking, the cone of aspect angles) (e.g., Haldoupis and Schlegel, 1990; Farley and Providakes, 1989; Bahcivan et al., 2005; Uspensky et al., 2006) . Progress in this area has been hindered, first of all, by the scarcity of the data on plasma parameters within the radar scattering volume. In addition, the height of backscatter is typically not known.
Concurrent observations of VHF STARE (∼140 MHz) and incoherent scatter EISCAT radars provided some insights into the above two issues. Nielsen and Schlegel (1985) established an empirical relationship between the STARE velocity and the E × B drift magnitude for observations roughly along the drift direction. The dependence was shown to be very similar to the dependence of C S upon the E × B velocity. It was suggested that the irregularities with a near-C S velocity can fill the entire flow angle cone of the FB instability, θ ≤ cos −1 (C S /V E×B ), where θ is the flow angle defined as an angle between the irregularity propagation and the E × B directions. Haldoupis and Schlegel (1990) made a direct comparison of STARE velocities and C S . Their data showed significant variability (e.g., their Fig. 9 ); the authors, however, favoured an idea that the VHF velocity is 10-20 % higher than a non-isothermal C S that was evaluated from the EISCAT electron and ion temperature data by assuming adiabatic electrons and isothermal ions. Farley and Providakes (1989) had likewise found that during strong electron heating events seen over the EISCAT field of view, the phase velocity of so-called type IV echoes observed in the same volume as EISCAT at 50 MHz was faster than the isothermal ion-acoustic speed, and indeed somewhat faster than the ionacoustic speed computed assuming adiabatic electrons and isothermal ions.
The above results were, however, at odds with those of Kofman and Nielsen (1990) who reported instead that STARE velocities were below C S at all heights. Furthermore, Chen et al. (1995) clearly showed that the STARE velocity became smaller than C S by up to ∼30 % as the electron temperature (and, presumably, the E × B drift) increased. A detailed and more systematic investigation of a joint STARE-EISCAT data was undertaken by Nielsen et al. (2002) . These authors concluded that whether the STARE velocity is above or below C S depends on the flow angle. For small angles (along the flow), the STARE velocity was ∼20 % above C S at ∼600 m s −1 but only 5 % above C S at 1600 m s −1 with C S and the radar line-of-sight velocity both increasing with the E ×B magnitude. In terms of the flow angle dependence, the STARE velocity was found to decrease within the FB instability cone according to cos α θ law (with α decreasing from 0.8 to 0.2 for E ×B drifts in the range of 400 to 1600 m s −1 ).
Recently, Bahcivan et al. (2005) and Bahcivan and Hysell (2006) proposed to significantly modify the velocity saturation concept. They suggested that the electrojet irregularity velocity decreases with the flow angle according to a simple cosine law with the maximum value of C S for directions close to E × B. They also suggested that the echoes with the velocities near C S can only be detected within a very narrow (perhaps, several degrees) cone of flow angles. To support their hypothesis, Bahcivan et al. (2005) presented data of their ∼30-MHz radar observations concurrent with rocket measurements of the electron drift. The ion-acoustic velocity was not measured; instead, the empirical formula by Nielsen and Schlegel (1985) was employed. Uspensky et al. (2006 Uspensky et al. ( , 2008 , by considering joint STARE and EISCAT data, argued that the cosine law seems to work at relatively large flow angles of >40 • , but the velocity maximum is perhaps not C S . Makarevich et al. (2007) have used joint STARE and EISCAT observations at flow angles 55 • -90 • and at several locations with different aspect angles to demonstrate that the electrojet irregularity velocity was close to that given by the empirical formula of Nielsen et al. (2002) at small aspect angles (α < 1 • ), while being significantly different at larger aspect angle values.
Attempts to address the issue with HF coherent radars (decameter irregularities) have not clarified the picture; on the contrary, it became more complicated (e.g., review in Chisham et al., 2007) . The C S -like echoes were shown to often occur at HF, but a host of other echo types was discovered (Milan and Lester, 2001) . Some characteristics of these new types were related to the E × B magnitude and direction; however, more work was needed to establish the character and nature of the relationship. For example, Koustov et al. (2005) compared the Stokkseyri SuperDARN radar (whose look directions are mostly zonal) E-region velocities with the E ×B drift velocities measured by the DMSP satellites. The authors concluded that, aside from a small number of points for which the echo velocity was close to the drift, the majority of echo velocities was considerably smaller than the electron drift component along the corresponding radar beam and were perhaps below C S . Some echoes were found to have two components, and one of these could have been associated with the FB waves "saturated" at the speed C S . However, it was not possible to determine the flow angles for these observations. Another puzzling conclusion came from papers by Koustov et al. (2001) and Makarevitch et al. (2001 Makarevitch et al. ( , 2002a ) who compared the velocity of HF (12 MHz) and VHF (50 MHz) echoes observed simultaneously roughly along the E × B direction. The authors identified two clusters of echoes: for one cluster, the HF and VHF velocities were both between 200 and 700 m s −1 and had a comparable magnitude, with somewhat faster HF velocities; for the other cluster, the HF velocity was dramatically (several times) smaller than the concurrently-measured VHF velocity. Based on earlier VHF and UHF studies, the occurrence of low-velocity (<200 m s −1 ) HF echoes for strong E × B drifts was highly unexpected, even though it now appears to be a common occurrence at HF, as determined from concurrent near-C S velocities of 50-MHz echoes Makarevitch et al., 2001 Makarevitch et al., , 2002a or from the finding of very slow line-of-sight HF velocities in the presence of simultaneous high convection velocities (Milan and Lester, 1998; Makarevich, 2008 Makarevich, , 2010 .
In this study, we continue the investigation of the relationship between the velocity of high-latitude E-region HF echoes, the E × B drift and the ion-acoustic speed of the plasma in the auroral electrojet. We target small flow angles and large E × B drifts of >500 m s −1 for which we are confident that the FB plasma instability is operational. We consider data collected by the Stokkseyri HF radar whose low number beams are oriented close to the magnetic L-shell directions, and therefore along the predominant direction of the E × B drift in the afternoon/evening sector. We adopt the approach by Milan and Lester (1998) and Makarevitch et al. (2004) , i.e., we select events with co-existing echoes at short (E-region) and far (F-region) ranges and use velocity data from the far ranges to estimate the E × B vector assuming that the electric field is distributed uniformly across the measurements region. 2 Ion-acoustic speed as a function of E×B drift magnitude at electrojet heights
As discussed above, the velocity of the E-region echoes has customarily been compared at high latitudes to the isothermal ion-acoustic speed, labeled here as C S and which is given by the expression C S = √ k B (T e + T i )/m i , where k B is the Boltzmann constant and m i is the mean ion mass of ∼30 atomic mass units. For ease of comparison with previous work we continue here to use this parameter even though it has now become clear that a proper calculation of the ion-acoustic speed should include not just electron adiabatic effects mentioned above, but also electron heat flows and thermal diffusion effects. During electron heating events, or in the lower parts of the E-region, these corrections can be substantial (e.g., Sudan, 1995, 1997; Kagan and St.-Maurice, 2004; St.-Maurice and Kissack, 2000; Kissack et al., 1995 Kissack et al., , 2008 and we should note that their effects have clearly been observed in the equatorial electrojet (St.-Maurice et al., 2003) . An additional problem is that while C S is fairly stable in the equatorial ionosphere, it can vary significantly in the high-latitude region in the presence of electric fields that become so strong that the FB waves themselves will heat the electrons to temperatures well above the ambient atmospheric temperature (e.g., Schlegel and St.-Maurice, 1981; St.-Maurice et al., 1981 Wickwar et al., 1981; Jones et al., 1991; Dimant and Milikh, 2003; Milikh and Dimant, 2003; Bahcivan, 2007) . Despite extensive data studies on the electron temperature variation with the E × B drift that have been published in the past, the evaluation of C S as a function of the E ×B drift magnitude has rarely been computed as concurrent ion temperatures were usually not reported. This complicates the interpretation of the velocities of VHF/HF coherent echoes. Nielsen and Schlegel (1985) proposed a simple quadratic formula for the STARE VHF velocity versus E ×B drift for observations at small flow angles. Since for these flow angles the velocity of VHF echoes has routinely been compared to the isothermal value of C S , their proposed formula has been often used as a proxy for the C S (V E×B ) dependence (e.g., Bahcivan et al., 2005) . To quantitatively improve the comparisons with the isothermal ion acoustic speed, we have revisited the dependence C S (V E×B ) by selecting a data set made of 5 EISCAT days of observations (Table 1 ), totaling about 160 h of EIS-CAT CP1 measurements. For these periods, data on temperature and electric field were good in terms of quality (consistently low error in measurements), while a significant span of electric field magnitudes was achieved. The data were obtained with a height resolution of ∼3 km and an integration time of 2 min.
The isothermal C S values were computed for every height from the measured electron and ion temperatures (T e and T i ). Points with error in temperature measurements of >200 K were rejected. The scatter plot of C S versus V E×B was then fit with a quadratic dependence of a type C S = A+B ·V 2 E×B . The inferred coefficients A and B were found for the entire data set and then for individual UT hours. Since only minor variations of the coefficients were found for various hours, we report here coefficients for the entire data set (Table 2). One should note here that although the data set under consideration was significant, the data coverage for V E×B > 1000 m s −1 was somewhat limited, and very few points were obtained for V E×B in excess of 1500 m s −1 . Figure 1 gives a graphical presentation of the inferred dependencies for all heights. One can see a general increase of C S with V E×B . The effect is certainly stronger in the middle of the electrojet, with the fastest rate of increase with V E×B at 111 km. This is consistent with previous reports that turbulent electron heating is strongest at these heights (e.g., St.-Maurice et al., 1990) . It is however of interest to note that the Nielsen and Schlegel (1985) curve (blue dashed line in Fig. 1 ) has a similar shape but that it is offset by some ∼100 m s −1 (and more as V E×B is increased) from the data at 111 km, the center of the elecrojet layer. Nonetheless, we find that the often quoted nominal 400 m s −1 value for the ion-acoustic speed in the high-latitude electrojet can be judged as reasonable as long as V E×B remains below as inferred from EISCAT measurements between ∼12:00 and 18:00 MLT. Dashed line is the dependence of the VHF radar velocity upon the E × B magnitude reported by Nielsen and Schlegel (1985) . Red curve at 111 km corresponds to the height with strongest variation.
HF radar data selection
To investigate the relationship between the HF velocity, E ×B plasma drift and C S , we consider data collected by the Stokkseyri SuperDARN radar. Figure 2 shows the Stokkseyri radar field of view (FoV), and one can see that the low numbered beams (0-2) are oriented close to the L-shell direction, the predominant direction of the plasma flow (E × B direction) in the afternoon/evening sector. Computations show that smallest L-shell angles are ∼15 • at very short range gates of 3-5; they decrease with range so that the flow angle is around zero at the radar range gates of ∼35. At these ranges, F-region echoes are usually observed. Figure 2 also shows the lines of zero off-orthogonality angles for the radar rays at the height of 110 km (for the radar frequency of 12 MHz, the irregularity wavelength of 12.5 m). For density of 3.5 × 10 4 cm −3 , the perfect aspect condition is expected at range gate 15, while for density of 10 × 10 4 cm −3 it is at range gate 7. For the above aspect angle estimates, simple Snell's law was applied to a spherically uniform ionosphere.
In this study, we identified a number of events with stable and long-lived concurrent short-range (<630 km, gates 3-10, presumably E-region) and far-range (>700 km but less than ∼2000 km, gates 11-40, F-region) HF echo bands, observed in the afternoon sector. The original idea for this approach was given by Milan and Lester (1998) . In addition to band stability, we wanted the far-range echoes in the standard SuperDARN range-time plots to have a high velocity of the order of 1000 m s −1 or more and echoes at short ranges to have clearly lower or comparable velocities. Only cases with clear bands were considered. Ideally, we also wanted the far-range echoes to occupy as many beams of the radar as possible but this criterion was not easy to satisfy, as quite often these echoes existed in a limited number of beams, in contrast with the E-region echoes. Finally, the velocity of far-range echoes should be gradually changing with the flow angle, if the assumption of a uniform ionospheric electric field was to hold. To check the approximate uniformity of the electric field distribution in the sector of observations, standard SuperDARN convection maps (obtained through the map potential method of Ruohoniemi and Baker, 1998) were studied for each event.
We give 3 examples of the events that we investigated in Fig. 3 . For the 1 November 2001 event, there is a band of relatively low-velocity echoes extending across range gates 0-14; these are assumed to be E-region echoes. Gates 11-14 fall outside of our assumed E-region ranges, but the backscatter power and Doppler velocity maxima (one can consult the SuperDARN website, http://superdarn.jhuapl.edu/) do occur within the range gates 3-10. Therefore, we are confident that the echoes are still coming from the E-region, even in gates 11-14. For this event, the concurrent F-region echo band occurred at range gates 15-30. We inferred that these echoes are from the F-region since they are of significantly 
Velocity comparison in one direction and lownumbered beams
As a first step, we simply compare the Stokkseyri velocity data in beam 1 at short and far ranges. This beam is oriented only 15 • -25 • off the L-shell directions (Gorin, 2008) . We consider these differences to be small enough that the comparison would refer at least roughly to the E × B drift direction.
To explain the procedure for the velocity comparison, we present in Fig. 4 the Stokkseyri data (1 November 2001) for the echo power, spectral width and velocity for range gates 0-40. The data cover half an hour of measurements between 16:00 and 16:30 UT. This has been done for the purpose of illustration only; similar profiles have been considered for each beam and for every radar scan. The red curve in Fig. 4 traces the median value of the respective parameter for each gate. One can see that the strongest echoes, at 30-40 dB, were received in range gates 6-8 and that the echo power was gradually decreasing with range gate beyond that. Starting from range gate ∼18, the power started to increase again, reaching its second maximum (in the range profile) at range gate 21, Fig. 4a . Figure 4b shows that strongest echoes were also the broadest, 200-300 m s −1 at the near range gates versus 100-200 m s −1 at the far range gates. The echo velocity, Fig. 4c , clearly demonstrates that while the velocity at the far range gates was in excess of ∼1200 m s −1 , at the small range gates it was only 200-500 m s −1 . The velocities in range gates 15-25 were, in some places, low while at the other places they were high. This is an indication that in these range gates, the echoes were coming from the E-region at one time and from the F-region (above the electrojet layer) at another. It means that the red curve does not characterize typical F-region velocity in these range gates. One can also notice near-zero velocities in large gates; these are likely to be due to some small contribution from ground scatter signals that were not properly filtered out by the algorithm.
To estimate the mean E × B drift for each time interval, we considered the corresponding echo velocity range profile (similar to the one shown in Fig. 4 ) and first determined the maximum velocity magnitude in range gates 11-40 (Fregion ranges). We then selected a set of velocities for those gates of the beam whose magnitude was within 40 % of the peak value. The mean E × B electron drift (actually, its component along the beam) was inferred as the median value of the velocity set. In this way, data contamination from the E-region and ground scatter echoes was prevented while a significant amount of points were still included into assessment. We note that the criteria for echo acceptance (both for the E-and F-region echoes) were that the echo power be larger than 3 dB, the error in the line-of-sight velocity determination be less than 300 m s −1 and the echo spectral width be less than 800 m s −1 . These are not very stringent conditions, but they eliminate really poor measurements.
The handling of the E-region data was more complicated. We demonstrated that the observed echo power varies with range (Fig. 4a) . This is expected (e.g., Makarevitch et al., 2002b) , because the E-region echoes are highly aspect sensitive. For the 1 November 2001 event, range gates 6-8 correspond to a condition with maximum power and minimum, perhaps zero, aspect angle observations. The velocity of the E-region echoes also shows a maximum in range gates 6-8 though not as obvious as in the echo power. We relate the existence of this maximum to the velocity aspect angle attenuation at ranges away from the maximum for the echo power; this effect has been demonstrated for both VHF and HF coherent echoes (e.g., Ogawa et al., 1980; Kustov et al., 1994; Makarevitch et al., 2002b Makarevitch et al., , 2007 . To obtain an estimate of the E-region velocity least affected by the aspect angle effect, we considered the mean velocity in three radar cells (among those observed in gates 3-10) corresponding to the ranges with the maximum echo power at short ranges. More specifically, we would find the range with the maximum echo power in a selected beam, and then average its velocity with the velocities found in adjacent range gates. We also estimated the average echo power and spectral width in the selected range gates at each time interval.
Figure 5 presents a time series plot of the average (a) echo power, (b) spectral width and (c) velocity for the event of 1 November 2001. The E-region echoes are stronger and broader than the F-region echoes ( Fig. 5a and b) and the Eregion velocity magnitudes are near the ion-acoustic speed while the F-region velocity (electron drift component along the beam) is very large (∼1300 m s −1 ) and varies more significantly. We estimated the velocity ratio in the E-and Fregions, R = V E /V F and found that R holds steady at a value around 0.3.
A number of events was processed in the same way with the goal to assess the velocities of E-region echoes in relation to the E × B drift magnitude (that we associate with the velocities of the F-region echoes) and to C S . The isothermal C S estimates were obtained using the empirical quadratic formulas discussed in Sect. 2. We present the results of this analysis in Fig. 6 . In Fig. 6a we show data for the three events already presented in Fig. 3 . For 1 November 2001 (red diamonds), the cloud of points is spread around the line described by C S at 99 km. For 15 January 2002 (blue points), one can distinguish 2 types of behavior. One cluster is aligned with the dashed (pink) line of ideal coincidence of the E-region velocity and the E × B drift. Quite a few points, however, are shifted from the dashed line and cover a wide range of possible C S values. For 19 November 2001 (green points), the velocities are significantly smaller than both the E × B and C S values. In this sense, they are similar to what is known to take place for SuperDARN echoes at large flow angles (e.g., Koustov et al., 2002; Makarevitch et al., 2002a Makarevitch et al., , 2004 . These echoes are therefore probably of a different origin. For example, they often co-exist with low-velocity echoes of opposite polarity (blue color in Fig. 3c ), the so-called HAIR echoes (Milan et al., 2004) . The HAIR echoes are believed to be received at large aspect angles and thus involve different physics. Since the very low-velocity echoes could be of different origin, we decided not to include this kind of events into our statistics.
To enlarge the data set, more events have been processed for observations taken in 1999-2002. Figure 6b gives binned values of the observed E-region velocities for 33 events that all seem to have characteristics similar to the 1 November and 15 January 2001 events. The data spread, indicated by the standard deviation in each bin, is still significant but the trends are obvious: (1) all the points are clustered around the C S line at 99 km and (2) the Doppler velocity generally increases with the E × B magnitude, very much like the curve C S (V E×B ) at 99 km. 
Observations in all beams
The above analysis can be criticized in 3 ways. First, the flow angles are slightly different at the far and short ranges of the Stokkseyri FoV. Secondly, the direction of the E × B drift can differ from the assumed direction, as the flow might not be perfectly aligned with an L-shell. Finally, the peak velocities of the E-region echoes might not themselves be aligned with the E × B direction. We now address these points using data collected from all the beams as opposed to just those beams that are closely aligned with the L-shells. Such an investigation has its own merit, as the characteristic dependence of E-region echoes on the flow angle is not well established (e.g., Lester, 1998, 2001) . In this section, we use the L-shell angle φ as the reference for the flow angle directions, which themselves will be described by the flow angle θ. The angle φ will be measured counterclockwise from the line of constant magnetic latitude to the Stokkseyri line-of-sight direction. Every range gate within the Stokkseyri FoV then has its own unique L-shell angle.
Flow angle variation for velocity
We first consider individual velocity measurements for the entire event of 1 November 2001 for both the E-region and F-region echoes in Fig. 7 . Here all the data are plotted using scatter plots. The data points have been binned according to the L-shell angle φ. Clearly, the velocity of the F-region echoes changes drastically from ∼1400 m s −1 at φ = 20 • to ∼0 m s −1 at φ = 70 • . Note that the data set is somewhat affected by mixed/ground scatter echoes at larger values of φ. Figure 7 also shows the cosine fits to the binned values of the velocity (dashed lines). Looking at how the points are located around the fitted cosine lines, one can conclude that selection of this functional dependence is reasonable for both the E-and F-region echoes. This is one of the arguments for using cosine functions below to fit the binned data.
There are significant differences between the maximum Fand E-region velocities in the cosine fits, namely, 1330 m s −1 versus 393 m s −1 , respectively (a velocity ratio of ∼0.3). This result fully agrees with the results from the lownumbered beam analysis presented in Sect. 4. Another interesting feature is that the velocity maxima in the E-and F-regions are achieved at slightly different φ angles (−7 • versus +18 • , respectively, we show the mutual orientation of the E-region and F-region velocity peaks on the insert). This feature is investigated further in Sect. 5.4. Note that a similar analysis of many other events showed similar results. The variations shown in Fig. 7 are, in other words, typical.
Approach to analysis of individual scan data
One can argue that a better approach to the investigation of the velocity variation with flow angle would be analysis of all the velocities from individual scans. Figure 8a gives an example of such a Stokkseyri scan for which the band of E-region echoes (red color at short ranges) covers a broad region that extends across the entire FoV while the band of F-region echoes (yellow and green colors) is also quite extended, covering most of the FoV in gates 11-40. Figure 8b presents the velocity data in a more readable form. Here, red crosses show the velocity within the assumed E-region ranges (gates 3-10) and diamonds show the velocities within the assumed F-region ranges (gates >11-40). Two sets of points are recognizable here: one set, diamonds, is stretching to high velocities up to ∼1600 m s −1 and the other one is a cloud of points located near velocities of 300-500 m s −1 . Within the second cluster, there are a few points that are classified as F-region scatter; as stated earlier, these were received in gates 11-15. These are likely E-region echoes still, with the fact that they belong to the cloud of Eregion points in Fig. 8b supporting this assumption.
To characterize the E-and F-region sets, we fitted the velocities with a cosine function of the form V = V 0 · cos(φ − φ 0 ), where the coefficient V 0 represents the peak line-of-sight velocity and φ 0 is the L-shell angle of that velocity maximum. The major problem in accomplishing this task is that there is a significant scatter in the data, especially in the lowvelocity band. Another problem is the overlap of velocities mentioned above: at small angles, some far-range velocities fall into the second group, and are associated with Eregion echoes. In addition, there is an overlap between the two data sets at angles of 60 • -70 • . To overcome these difficulties, two different procedures were attempted. With the first procedure, it was decided to apply a cosine fit straight to velocity versus L-shell angle scatter plots of the type presented in Fig. 8b ; in this instance, this resulted in dependencies V F = −1630 · cos(φ + 18 • ) and V E = −390 · cos(φ − 4 • ) for the F-and E-region echoes, respectively, after neglecting F-region velocities greater than −500 m s −1 and L-shell angles less than 40 • . However, it turned out that the number of scans comparable in quality to the one shown in Fig. 8a , b was low for this event, and the situation was worse for other events in the database. For these reasons, it was decided to do a preliminary averaging of the data before performing the cosine fit. That is to say: at first, data in each beam position were considered separately, and the velocity estimates for the E-and F-region echoes were done as described in Sect. 4. Specifically, for the E-region, we found the range with the maximum echo power in the selected beam, and then averaged this velocity with the velocity in the adjacent range gates. This velocity was assigned to the L-shell angle of the range gate of the power maximum. For the F-region echoes, the velocity maximum was found along the beam in range gates 11-40 and then this value was averaged over all other observed velocities whose magnitude was within 40 % of the peak within that beam. This velocity was assigned to the L-shell angle of the range gate of the velocity maximum. Figure 8c and d illustrates what emerged from this approach with dependencies given by V F = −1560 · cos(φ + 10 • ) and V E = −480 · cos(φ + 0 • ) for the F-and E-region echoes respectively. Although the obtained parameters of the cosine function differ from the first approach, we believe that the differences are not significant, and that this justified using the second approach for the bulk of the data set. In fact, the fits performed in the second way produced a closer visual agreement with the cloud of points than the first method of simply fitting to the clouds of points first. The reason is that even a couple of outliers from the general trend affect the fit significantly while these outliers are removed in the second approach.
The cosine function fit to the velocity data was done by using a Levenberg-Marquardt algorithm (Press and Vetterling, 1986) , which provides a numerical solution to the problem of minimizing a non-linear function over the space of its parameters, in this case the peak velocity, V 0 , and the phase shift, φ 0 . Based on several trial-and-error work, it was determined that the fitted result should be discarded if the standard error between the fitted cosine curve and the peak line-of-sight velocity estimates was greater than 300 m s −1 for the F-region fits and greater than 150 m s −1 for the E-region fits.
E-region velocity maximum and E×B magnitude
Ideally, individual velocity maps presented in the form of Fig. 8b would allow one to assess, at least qualitatively, whether the velocity of E-region echoes can be described by the cosine or by some other function. For the scan under consideration, a description of the red crosses in terms of the cosine function looks reasonable as a way of treating E-region data using either of the two approaches described in Sect. 5.2. For other Stokkseyri scans, the task was not as straightforward, as the data scatter was sometimes considerable. The decision was made to consider only those scans for which the fit with the cosine function was perceived to be reasonable. With respect to the F-region data, the violation of this assumption meant that the electric field distribution within the radar FoV was simply not uniform. With respect to the E-region echoes, our adoption of the cosine dependence at small flow angles can be justified by the results of Bahcivan et al. (2005) at 30 MHz, particularly after bearing in mind that at large flow angles a cosine fit is the traditional way to describe the data (e.g., Villain et al., 1987; Uspensky et al., 2001; Makarevitch et al., 2002b) . We also showed in Fig. 7 that the scatter plots of the velocity versus L-shell angle for the entire interval can be well represented by the cosine function.
We ended up with a selection of a small number of Stokkseyri scans that had reasonable (according to the criteria specified above) data for fitting both the E-and F-region velocities and we found the maximum E-region velocity and the direction of this maximum. Data for four of these events are presented here: 1 November 2001 , 17 November 2001 , 15 January 2002 and 3 March 2002 . For these days, reasonable amount of good scans was found so that total of 186 data points was available. Figure 9 presents the values of the E-region velocities that we obtained, binned in terms of the E × B drift magnitude determined from F-region data. Vertical bars indicate the standard deviation for each bin. We also show the lines C S (V E×B ) inferred from EISCAT data at three heights (see Sect. 2). Although the number of points is limited and their scatter is significant, one reliable conclusion emerges: the HF velocity is near the C S values at 99 km. In other words, the data that we retrieved from Stokkseyri do not contradict the Bahcivan et al. (2005) hypothesis, but only if one assumes that the HF echoes are consistently coming from the bottom of the electrojet layer.
The data presented in Fig. 9 do not show a general tendency of the velocity increase with E × B drift, contrary to the data of Fig. 6 . We attribute this to a relatively small number of good scans that we were able to identify in this approach, poorer coverage of smallest and largest drift magnitudes, and significant data spread. The binned values of the velocity themselves are, however, in reasonable agreement with those in Fig. 6 .
Direction of the E-region velocity maximum and the E×B direction
As was mentioned in Sect. 5.1, the L-shell angles of the Fregion and E-region velocity maxima do not coincide if all the points in the event (an hour or longer duration) are considered. To assess this effect for individual scans, we now examine the results of the cosine fitting for 186 Stokkseyri scans considered in Sect. 5.3. Figure 10a gives a histogram distribution of the differences between the azimuths of the Fand E-region maximum velocity. The bell shaped diagram suggests that there is a statistical mean value of the shift of 22 • -24 • , with the F-region (E-region) echoes having small positive (negative) azimuth. This implies that the E-region velocity maximum is generally shifted by ∼20 • towards the direction of the electric field, just like shown in the insert of Fig. 7 (the scans were in the afternoon/evening sector with a northward oriented electric field). We also examined how the above shift changes with E × B magnitude, Fig. 10b . The shift is more pronounced at larger E × B magnitudes; the linear fit to the obtained points gives φ • = 0.016·V E×B −2 degrees and the trend of the data (shown in red, Fig. 10b ) agrees with the fitted result.
Discussion
Concurrent measurements of the E × B drift and E-region HF echo velocity are very limited, especially for observations roughly along the drift direction. Davies et al. (1999) and Koustov et al. (2005) involved EISCAT and DMSP data for HF velocity studies. They found smaller E-region velocities as compared to the l-o-s component of the E × B drift, but the flow angles of measurements were not reported and no comparison with the expected C S values were performed. A re-assessment of the published plots shows that quite a few points had velocities below the nominal C S value of 400 m s −1 . Several papers have discussed the properties of E-region HF echoes with near-C S velocities (so-called "type 1" echoes), referring to a nominal value of C S = 400 m s −1 (e.g., Villain et al., 1987 Villain et al., , 1990 Hanuise et al., 1991; Lester, 1998, 2001 ). In the current study we addressed the issue further by estimating C S values using a statistical relationship between E × B and C S inferred from EISCAT measurements and the E × B drift estimates inferred from far range data of the Stokkseyri radar.
Two approaches were employed: (1) a straight comparison of the velocities at short (E-region) and far (F-region) radar ranges and (2) fitting the velocity data in all beams with the cosine function and inferring maximum velocity for the Eand F-region echoes. Both approaches lead us to a conclusion that the typical velocities of HF E-region echoes for observations close to the E ×B direction are comparable to the expected C S values. The observations also show a tendency to increase with E × B but the magnitude of the velocities corresponds to ion acoustic-speeds that would have to come predominantly from the bottom of the electrojet, <100 km.
Magnitude of saturation speed
The results obtained here disagree with several previous studies. For example, Milan and Lester (2001) reported Pykkvibaer HF velocities to be statistically larger than the nominal C S value. They did identify a cluster of points with velocities close to it (perhaps, the "genuine" type 1 echoes), but overall, it seems that velocities above the nominal C S dominated their datasets. E-region velocities greater than 400 m s −1 have also been reported by Hanuise et al. (1991) who explained them by invoking echo reception from relatively large heights. Uspensky et al. (2001) reported E-region velocities of up to 700 m s −1 . Makarevitch et al. (2002a) presented HF data with velocities up to 700 m s −1 that were larger that concurrently detected VHF (50 MHz) velocities. At 30 MHz, Bahcivan et al. (2005) showed echo velocities up to 600 m s −1 that were believed to be close to C S . Makarevich (2008 Makarevich ( , 2010 ) also expanded original findings by Milan and Lester (2001) and investigated SuperDARN E-region echoes with velocities well above the nominal C S value. Our analysis indicates that although high E-region HF velocities of up 600-700 m s −1 can be detected, these correspond to strong electric fields and very high C S values. For example, no binned HF velocity in our analysis exceeded 500 m s −1 and in fact the trends at 99 km were only extended up to just below 500 m s −1 at 2000 m s −1 (Figs. 6b and 9 ). Statistically speaking, the velocities observed in the current study were below what one expects for the C S values in the middle of the electrojet layer.
The reasons for the observation of lower-than-expected HF velocities in our case are not entirely clear. One factor may be that the electric field was, in reality, somewhat smaller than inferred from the far-range velocity data; some decrease of its magnitude towards lower latitudes is highly expected. Retroactively, after the performed analysis, we attempted to isolate Stokkseyri events with velocities above C S , by a simple visual search through the Stokkseyri data base. We were not able to find too many events when the short-range velocity was clearly close to the velocity at far ranges.
It has also become clear over the years that several factors need to be considered before assessing what the speed of Eregion irregularities should be for directions comparable to the E × B direction. To start with and, as mentioned earlier, with due exceptions, repeated observations strongly suggest that the phase speed of E-region structures at their maximum amplitude is very often comparable to the threshold speed, namely, the isothermal ion-acoustic speed (e.g., Sahr and Fejer, 1996) . A basic explanation for this has been advanced by Liperovski et al. (1999) and St.-Maurice and Hamza (2001) who both argued that, in effect, as the amplitude of a substructure grows, the electric field inside it must rotate and decrease in magnitude until the growth rate becomes zero, at which point the structure moves at the threshold speed while having reached its maximum amplitude. Numerical simulations also strongly suggest that the largest amplitude structures should move at a speed somewhat larger than the threshold speed of the instability while the electric field clearly rotates inside them (e.g., Otani and Oppenheim, 1998; Oppenheim et al., 2008) . Many factors conspire to the production of threshold speeds that, however, differ from the isothermal ion-acoustic speed. For one thing, the electrons are neither isothermal nor isotropic (e.g., Sudan, 1995, 1997; Kagan and St.-Maurice, 2004; Kissack et al., 2008) . At decameter wavelengths, this conspires to increase the threshold speed of the irregularities, particularly at the lower altitudes (e.g., Kagan and St.-Maurice, 2004) . However, increasing the aspect angle from 0 to 1 degree under these conditions means that the net increase above the isothermal ion-acoustic speed should only be of the order of 10 percent (Kagan and St.-Maurice, 2004) . At the equator, when the aspect angle is sometimes very small, the increase at the lower altitude is, however, sometimes of the order of 30 percent, which has been observed, complete with an increase of the phase velocity with decreasing altitude during strong electric field conditions (e.g., St.-Maurice et al., 2003) .
Two other factors are known to modify the speed of irregularities at saturation: turbulence, and density gradients. The more strongly turbulent the plasma is, the broader the spectrum becomes and the slower the observed phase velocity becomes compared to the threshold speed (Hamza and St.-Maurice, 1993) . The fact that, even along L-shells, the E-region spectra in our data set are quite wide (of the order of 300 m s −1 in Doppler units) might therefore be significant. Finally, if they favor growth, ambient density gradients can, particularly at decameter wavelengths, easily decrease the threshold speed and vice-versa for unfavorable gradient directions (Hanuise et al., 1991; . In addition to physical constraints, one should also keep in mind that the Doppler shift of HF radar echoes is affected by the index of refraction of the medium . The effect can be as large as a 20 to 30 percent underestimation of the true drift and is strongest for the larger ambient plasma densities .
Observationally, all our cases were for relatively large Eregion electron density (>10 5 cm −3 ) since only for these densities one can get Stokkseyri E-region echoes at short ranges (see Fig. 2 for the aspect angle contours), one of our criteria of event selection. For strong densities, it might be that only the bottom part of the potential echo-detection curve is effective (for the curve, see Uspensky et al., 2001) . Generally, such an assumption is difficult to justify. Information on elevation angles would help testing this possibility, but elevation angles are not reliable for the Stokkseyri radar.
Having taken all the above factors into consideration, we conclude that the need to have E-region echoes at close proximity in order to have small enough angle conditions is the most important factor for observed threshold speeds that are lower than in other observations. The reason is that in order to obtain echoes at close proximity, the E-region density itself has to be large. This means in turn that the Doppler shift correction due to the index of refraction is on the high side, perhaps leading to apparent speeds that are as large as 30 % smaller than the real speeds. In addition, the aspect angles are probably be on the high side of E-region delectability as well. This means that the threshold speed may well be only 10 % larger than the isothermal ion-acoustic speed even at the lower altitudes. There might be a link between the observation being limited to lower altitudes and the larger spectral widths that we observe (faster decay rates), contributing to a further decrease in the observed threshold speeds.
Flow angle variation
The other issue addressed by our analysis is the velocity variation with the flow angle. We considered very strong electric field cases so that the FB linear instability cone was fairly wide. We identified a number of events for which the velocity variations in both E-and F-region echoes were characterized reasonably well by a cosine function. In this sense, we selected, from the beginning, a class of events that were consistent with the idea by Bahcivan et al. (2005) that the variation is V E (θ ) = C S · cosθ. As was discussed above, we found the E-region velocity maximum to be smaller than C S in the middle of the electrojet layer but the cosine type of variation was fairly clear in the selected individual cases. A similar variation, although not discussed at length, was seen in the small-flow-angle data presented by Uspensky et al. (2001) . The latter paper interpreted the SuperDARN Pykkvibaer Eregion velocities in terms of highly inhomogeneous, patchy electric field so that genuine Type 1 echoes (with a velocity of 400 m s −1 speed) coexisted with high-velocity echoes (∼700 m s −1 ) but at quite different azimuths/locations. Since no F-region velocity estimates were available for the event considered in that study, one cannot judge if their case contradicted our results. In the recent studies involving the SuperDARN radars at Syowa (Makarevich, 2008 (Makarevich, , 2010 ) a broad range of flow angles was considered with the E × B estimates obtained from farther ranges just as was done in the present work. Although the focus of these studies was on the high-velocity echoes, just like in the present study, the low velocities echoes (<200 m s −1 ) were also observed under the strongly-driven conditions at small flow angles, with the velocity variation being consistent with a cosine trend. The present study thus provides a critical piece of evidence for the hypothesis that these echoes originate from the bottom of the electrojet layer by using the C S estimates directlydriven by the E ×B drift velocity data. Moreover, the current study shows this to occur on a statistical basis. An important difference, however, appears to be that no high-velocity counterparts were observed in the current study. Nielsen et al. (2002) and Uspensky et al. (2008) worked with the STARE VHF data and found that the velocity variation with the flow angle is not a pure cosine function but rather some power of it. The strength of the velocity decrease away from the E × B direction was also shown to depend on the electric field intensity. The fact that we found that the type of variation depends on the selected dataset indicates that a larger database may be needed to establish the most representative type of variation at VHF. In this respect, our analysis cannot address the issue in a quantitative fashion. We simply selected cases when the cosine-type variation was highly visible. In this process, cases with different variations were automatically rejected. One of the reasons is that the data spread for individual scans was significant. In addition, concurrent F-region velocity data often did not show a smooth velocity variation with the flow angle. We conclude that, in our dataset at least, the flow was rather nonuniform in these cases that had to be rejected, meaning that the data has been carefully selected before a cosine law analysis can be applied to it. We surmise that a similar problem may have existed with the VHF studies. It could also be, of course, that there is some fundamental difference between the behavior of HF and VHF echoes at the frequencies used by STARE.
To illustrate how far the Stokkseyri velocity flow angle variation was from the dependencies reported at VHF we present a typical scan data, Fig. 11 , along with expectations of Bahcivan et al. (2005) and Nielsen et al. (2002) . In this analysis, we used our estimates of C S based on EISCAT data reported in Sect. 2. At flow angles for which the HF data were available, the velocity is described reasonably well by the C S ·cosθ dependence. The inferred coefficient of proportionality of ∼487 m s −1 is smaller than the expected value of C S ≈ 580 m s −1 (dash-dot line at θ = 0 • ). The relationship by Nielsen et al. (2002) does not work well; the dotted line is way off the HF data and the cosine-fit curve. One can say that for this scan the Stokkseyri data support the Bahcivan et al. (2005) hypothesis in terms of the flow angle (functional) dependence. Bahcivan et al. (2005) also proposed that the C S -saturated FB waves, i.e., propagating exactly with the velocity C S , can only be observed in a very small flow angle cone and not everywhere within the FB linear instability cone. Stokkseyri observations occasionally do show such a feature for some periods; cases were identified for which the velocity was changing relatively slowly with azimuth at large L-shell angles while the velocity was close to the expected values of C S at small L-shell angles, for low-numbered beams. This feature was also reported by Milan and Lester (2001) for the Pykkvibaer radar. We note, however, that the number of Stokkseyri events with variations of the kind discussed here was low. One possible reason for this is that very low L-shell angles are not available within the Stokkseyri FoV.
Rotation of the orientation of the maximum velocities
Another interesting result of our all-beam data analysis was existence of a significant average shift between the direction of the E-region velocity maximum and the direction of the E × B drift. Makarevitch et al. (2002a) reported the offset (∼5 • ) between the velocity maxima at HF and VHF while comparing Syowa SuperDARN data and concurrently operated 50-MHz radar data. Earlier, Blix et al. (1996) observed stronger electrostatic fluctuations at the bottom of the E layer away from the E ×B direction, which is reminiscent of what we observe with the Stokkseyri radar but in terms of the velocity. Our data show some weak tendency for the effect to increase with the E × B magnitude. This implies that the shift is harder to detect at average E × B drifts. The existence of the shift itself has been predicted theoretically in the past using both quasi-linear and nonlinear approaches (e.g., Janhunen, 1994; Sahr and Farley, 1995) . The net rotation is also clearly seen in advanced numerical simulations (Oppenheim et al., 2008) and has been attributed to a linear effect associated with ion heating inside the structures (Oppenheim and Dimant, 2004) . However, given its relation to ion heating, this rotation should not be substantial for electric fields smaller than, say, 50 mV m −1 , particularly in the bottomside
regions. An alternative would be a result of the rotation in the electric field that routinely has to take place inside the structures. Such a rotation is clearly seen in numerical simulations (Otani and Oppenheim, 1998) , and its basis has been discussed in terms of the nonlinear effects that must be part of the evolution of the structures (St.-Maurice and Hamza, 2001; Hysell and Drexler, 2006) . For areas with an increased electron density, the maximum irregularity velocity would be rotated away from the E × B direction towards the electric field direction while areas with depleted electron densities have to rotate in the opposite direction. Further work needs to be done to see if the depletions would contribute less to the total echo signal so that a net rotation in echo power would take place. No matter what, it should be stressed that our finding that the existence of a rotation with respect to the E ×B direction depends on the magnitude of the E ×B drift appears to be a new observational result that could put some of the theoretical ideas to the test.
Other observational features
Our data showed that some Stokkseyri short-range echoes, identified as E-region echoes, may have been from above the electrojet, as their velocities were very close to the velocity of far-range F-region echoes. This was seen in onebeam data, Fig. 6 , as well in the velocity scan data, Fig. 11 , where the velocities of relatively close-range echoes were a better fit with the cluster of F-region velocities rather than Eregion velocities. Unfortunately, we are unable to determine whether these echoes were indeed received from above the electrojet heights. It would be interesting to know how often this happens and how often such cases affect the conclusions on the nature of short-range SuperDARN echoes. Simultaneous observations with incoherent scatter radar would help resolve this issue. We have not stressed much, but it is worthy to mention that the other characteristics of the considered E-region echoes, the power and spectral width, seem to be quite different from those reported in the past. For example, Hanuise et al. (1991) reported a typical power of ∼10 dB (versus ∼30 dB in our cases) and typical width of ∼100 m s 1 (versus ∼300 m s −1 in our case) using the Systeme HF d'Etude Radar Polaires et Aurorales (SHERPA) HF radar located at Schefferville, Quebec. Milan and Lester's (2001) data are more consistent with what we reported here. We think that the E-region echoes considered in this study are consistent with Type 4 echoes according to the HF echo classification scheme of Milan and Lester (2001) . Further studies are required on this aspect of measurements.
One interesting implication of the present work is the fact that we identified a large number of events for which the velocity of E-region echoes was much smaller than the E × B electron drift component inferred from concurrent F-region observations. The typical velocity ratio R = V E /V F was found to be 0.3 and in many instances it was as low as 0.1 (more data are given by Gorin, 2008) . The inferred value R = 0.3 for observations along the flow is somewhat smaller than expected since for the FB waves, propagating along the E × B direction, the velocity would be close to the typical ion-acoustic speed of ∼500-600 m s −1 for enhanced electron drifts of 1000-1500 m s −1 . Our analysis of the data collected in other beams/directions showed very comparable values for R (∼0.3) which is roughly consistent with earlier conclusion by Makarevitch et al. (2004) who considered the Hankasalmi radar observations at large flow angles. Their typical velocity ratio was ∼0.2 for ∼4 h period of observations. The current study thus extends the range of flow angle investigated statistically to include small values under the strongly-driven conditions for which the FB instability is definitely operational and derives a representative factor between the E-and F-region velocities.
Because of typically low ratios R, care must be exercised when SuperDARN convection maps (produced through the approach by Ruohoniemi and Baker, 1998) contain significant amounts of the E-region data, especially if details of the convection pattern at low latitudes are investigated. This is especially important as the SuperDARN network is rapidly expanding to lower latitudes and the flows equatorward of the auroral oval are the target of upcoming studies so that E-region echoes is very likely to be involved in the analysis.
Conclusions
Results from this study can be summarized as follows:
1. By considering EISCAT electron and ion temperature data and electric field measurements in the CP1 mode, a relationship between the ion-acoustic speed and the magnitude of the E × B drift was established. A quadratic type of dependence was found to reasonably characterize the relationship, similar to the equation for the VHF velocity introduced by Nielsen and Schlegel (1985) . Our coefficients of the fits to the EISCAT data are quite different, however, at the expected heights of VHF echoes near the center of the electrojet. Our velocities at that height are at least 100 m s −1 greater than in the previous model.
2. The Stokkseyri SuperDARN radar data were used to study relationship between the velocity of short-range HF echoes, the E × B magnitude, and the ion-acoustic speed. The E × B drift estimates have been obtained through the analysis of concurrently detected Stokkseyri F-region echoes at farther ranges under the assumption of a uniform electric field distribution. The maximum E-region velocities were found, statistically speaking, to be smaller than the expected values of C S in the middle of the electrojet layer but were consistent with the values of C S expected for a height of ∼99 km. The velocities tended to increase with E × B, similar to the dependence C S (V E×B ) at the height of 99 km.
3. For a large number of individual scans, the Stokkseyri velocity variation with the flow angle was found to be well described by a cosine function. For these cases, the maximum velocity of E-region echoes was seen off the E ×B direction, with a shift towards the (northward oriented) electric field direction. The mean value of the shift was ∼20 • , and the shift increased with the magnitude of E × B .
4. The occurrence of E-region echoes with velocity three and more times smaller than the E × B electron drift strongly suggests that great caution should be exercised before using any E-region data to derive SuperDARN convection maps, as it could lead to serious underestimations of the electric field.
